Various glycolipids were synthesized using thiolactosides as scaffolds for glycosylation in animal cells. The basic building blocks, n-dodecyl β-D-thiolactoside (β-LacSC12) and n-dodecyl α-D-thiolactoside (α-LacSC12), were chemically synthesized in 2 steps: glycosylation followed by deacylation. The thiolactosides were administered to animal cells in culture and served as substrates for cellular enzyme-catalyzed glycosylation. Incubation of mouse melanoma B16 cells in the presence of β-LacSC12 or α-LacSC12 resulted in sialylation of the terminal galactose residue and gave a GM3-type ganglioside. Administration of β-Lac SC12 in MadinDarby canine kidney (MDCK) cells likewise gave a GM3-type ganglioside. On the other hand, introduction of β-LacSC12 in African green monkey kidney (Vero) cells gave Gb3-and Gb4-type glycolipids aside from GM3-type ganglioside. In the course of the study, significant changes in B16 cell morphology and elevated secretion of melanin were also observed.
Introduction
Sulfur-containing compounds are gaining wide attention due to their potential application in the pharmaceutical industry as carbohydrate-based therapeutics or diagnostic agents. Thioglycosides, in which the glycosidic oxygen has been replaced by sulfur, are valuable stable glycoside analogues. The S-analogues of natural glucosides are resistant to enzymatic hydrolysis and have been proven to be useful glycosidase inhibitors with potential as therapeutics [1] . For example, thioglycosides showed promising application in the control of hyperglycemia in patients with diabetes by inhibiting the sodium-D-glucose transporter (SGLT) expressed in Chinese hamster ovary (CHO) cells [2] .
Suzuki and his coworkers reported that S-glycoside analogues of gangliosides possess inhibitory activity for the influenza virus sialidase [3] . Novel linear polymers bearing thiosialosides as pendant-type epitopes have also been reported as influenza neuraminidase inhibitors [4] .
The priming of glycosphingolipid synthesis by lactosyl ceramide analogues having nondegradable thioglucosidic linkages inhibited the cell surface expression of endogenous GM3 in B16 cells [5] . The S-glycosides of gangliosides have also been reported as inhibitors of endoglycoceramidase, the enzyme that hydrolyzes the glycosidic linkage between the oligosaccharide and ceramide [6, 7] .
Thioglycosides are used as glycosyl donors in the synthesis of biologically important oligosaccharides. They are among the widely used glycosyl donors considering the ease of preparation and shelf stability. Thioglycosides are compatible with numerous protection and deprotection steps required in oligosaccharide synthesis [8] . Moreover, thioglycosides are orthogonal to several other synthetic reactions involving trichloroacetimidate and glycosyl fluoride methods [9] . Pentenyl thioglycosides are widely used as glycosyl donors for the preparation of complex oligosaccharides in good yield [10] .
In this research, n-dodecyl β-D-thiolactoside (β-LacSC12) and n-dodecyl α-D-thiolactoside (α-LacSC12) were chemically prepared as shown in Scheme 1 and administered into animal cells such as mouse melanoma B16 cells, Madin-Darby canine kidney (MDCK) cells, and African green monkey kidney (Vero) cells to serve as substrates for the production of glycolipid-like compounds via enzymecatalyzed glycosylation by animal cells in culture [11, 12] . The thiolactosides have a lactose moiety that is bound 6 B16 cells were seeded into 10 cm dishes containing 10 mL of 10% FBS DMEM/F12 and incubated for 72 h. 50 μM of each thiolactoside in 10 mL DMEM/F12 supplemented with insulin, transferrin, and selenium (ITS-X) was administered into cells. through the anomeric carbon to the dodecyl aglycone via an S-glycoside bond. The hydrophobic aglycone would ensure assimilation into cells [13] and the appropriate chain length (C12) would allow release of the products to the culture medium. When administered to animal cell, the thiolactosides are expected to be glycosylated by enzymes and glycosyl donors inherent to the cells used [14] [15] [16] [17] . 
Control

Experimental Method
Chemical Synthesis of Thiolactoside Primers.
To a solution of β-peracetyllactose (5 g) in 100 mL dichloromethane was added 1-dodecanthiol (2 eq) and BF 3 ·Et 2 O (1.5 eq), and the mixture was stirred overnight at room temperature under argon. The reaction was stopped by the addition of saturated sodium bicarbonate. The α : β mixture of glycosylation product was separated by silica gel column chromatography (toluene : ethyl acetate, 3 : 1) and afforded 1.5 g (25%) and 1.7 g (27%) of the α-and β-glycosylation products, respectively. Deacylation was carried out by dissolving each glycosylation product in 100 mL methanol, and to the solution was added 1.05 eq of sodium methoxide. The mixture was stirred overnight at room temperature and then neutralized with cation-exchange resin (Amberlite, IR-120 H + form), filtered and evaporated. Recrystallization by warming at 45
• C in a small amount of methanol followed by cooling at −20
• C afforded the n-dodecyl α-Dthiolactoside (α-LacSC12) and n-dodecyl β-D-thiolactoside (β-LacSC12). The structures of the thiolactosides were confirmed from the NMR results. 1 Mouse B16 melanoma cells (2 × 10 6 cells per 10 cm dish) were cultured in 10 mL 1 : 1 DMEM-F12 supplemented with 10% fetal bovine serum (FBS). When the cells were about 70%-80% confluent, the culture medium was changed to 1 : 1 DMEM-F12 (without FBS) containing 50 μM of thiolactoside primer, and the cells were cultured for 72 h. The culture medium was collected and cell culture continued for another 96 h in the presence of medium containing 50 μM of thiolactoside. 50 μM of β-LacSC12 primer was likewise administered to Madin-Darby canine kidney (MDCK) cells and into African green monkey kidney (VERO) cells which have been preincubated in the same culture medium under the same conditions.
Lipids from the culture media were purified using SepPak C18 column (Waters Cat. no. WAT020515) preconditioned with methanol. 2 mL of the collected medium was loaded to the column, washed with water and the desired products were eluted with 3 mL methanol. Evaporation of the eluent was accomplished using a centrifuge evaporator. Lipids from the culture medium fractions were analyzed by HPTLC with CHCl 3 : MeOH : 0.2% aq KCl (5 : 4 : 1, v/v) as developing solvent. HPTLC plates were sprayed with resorcinol HCl reagent and heated for 10 min at 120
• C in an oven to detect the glycolipids. The putative bands corresponding to glycosylated thiolactosides were analyzed to determine the structure of the products. The HPTLC plate was scanned, and the amount of elongated product was measured using SORBFIL TLC Video densitometer software.
Mass production of GM3-type oligosaccharide using β-LacSC12 was also carried out using B16 cell cultured in HYPER flask at a final concentration of 20 μM for 3-5 days. Administration of thiolactoside and harvest of culture medium were repeated. To the collected medium was added the synthetic adsorbent Diaion HP20 to separate the product that was further purified using SepPak C18 (reversed phase) and InertSep SAX (anion exchange) cartridges.
Results
n-Dodecyl α-D-thiolactoside (α-LacSC12) or n-dodecyl β-D-thiolactoside (β-LacSC12) was prepared in two steps: glycosylation of 1-thiododecyl alcohol using peracetyl lactose followed by deacylation under Zemplen conditions using sodium methoxide in methanol. The structures of the desired compounds were confirmed from both 1 H NMR and mass spectral results.
The purified thiolactosides were introduced to mouse melanoma B16 cells, Madin-Darby canine kidney (MDCK) cells, and African green monkey kidney (Vero) cells.
Effect on Cells.
After 15 minutes from the addition of the thiolactoside primers, a remarkable change on B16 cell morphology was observed. Although B16 cells are epidermoid, the cells became elongated and acquired a slender shape similar to fibroblast cells as shown in Figure 1 . In contrast, morphological changes were not observed in control cells that were incubated in the presence of Me 2 SO without thiolactoside. Any significant change in cell morphology was not observed when the thiolactoside was added to the culture media of MDCK cells and to Vero cells. Cell proliferation of B16 cells was the fastest in the presence of α-LacSC12 primer. No significant difference in proliferation was observed in the cells with β-LacSC12 primer.
As shown in Figure 2 , melanin secretion increased as evidenced by the brown coloration of the culture medium collected from B16 cells incubated in the presence of α-LacSC12 primer. Coloration of the culture medium was observed in the following order: α-LacSC12 > control > β-LacSC12. Figure 3 . Analysis of the bands corresponding to glycosylated thiolactosides by LC MS revealed that sialylation of the terminal galactose residue occurred and afforded a GM3-type glycolipid (m/z 816.5, negative mode shown in Figure 6 ) after incubation of mouse melanoma B16 cells in the presence of α-or β-Lac SC12 primers. An average of about 2.5 μg of GM3-type product was obtained from 2 mL of the collected culture medium containing each thiolactoside (1.3 mg per liter of culture medium) as shown in Table 1 .
Sugar Chain Elongation. HPTLC results confirmed the chain elongation of the thiolactoside primers as shown in
On the other hand, incubation of Vero cells in the presence of β-LacSC12 gave GM3-type oligosaccharide along with Gb3-type and Gb4-type oligosaccharides as shown in Figure 4 . The mass spectral result shown in Figure 6 (m/z 686.5, negative mode) confirmed the Gb3-type oligosaccharide. The fragmentation pattern of the mass spectrum obtained for the band between Gb3-type and GM3-type oligosaccharides showed a peak corresponding to a GalNAc residue (data not shown). Based on the Rf value and the related literature [18] , we could surmise that the band could be a Gb4-type oligosaccharide since, in Vero cells, Gb4 occurs naturally along with GM3 and Gb3 oligosaccharides. Administration of β-LacSC12 into MDCK cells gave a GM3-type glycolipid as shown in Figure 4 . The HPTLC results showed the presence of 2 more putative bands that could probably be GM1 and GM2-type glycolipid based on Rf values according to the literature. However, the amounts were too small to identify and quantify properly. Scheme 2 shows the products of glycosylation of the thiolactoside by the different cell lines used.
Comparison between β-LacSC12 and β-LacOC12
. nDodecyl α-D-lactoside (α-LacOC12) with an O-glycosidic linkage was also prepared according to the literature [12] and added to the culture medium. 50 μM of β-LacOC12 or β-LacSC12 was added to the medium of B16 cells for 120 h. The respective lipids obtained from 1 mL of culture medium were used for HPTLC analysis and the amount of product quantified. As shown in Figure 5 , the amount of product obtained from β-LacSC12 was slightly lower than the Oglycoside counterpart.
Discussion
Lactosyl ceramide is the common intermediate in glycolipid biosynthesis. An amphiphilic thiolactoside, an analogue of lactosyl ceramide, was examined in this study for the ability to prime glycolipid synthesis in various animal cells. Simpler in structure than the natural precursor, the thiolactoside employed has a lactose moiety linked to a hydrophobic dodecyl aglycone unit via S-glycosidic bond. The thiolactosides were chemically prepared and were obtained in fairly good yield via conventional methods of glycosylation using a Lewis acid as catalyst and deprotection under Zemplen conditions.
Incubation of cells for 72 h in the presence of the α-or β-LacSC12 resulted in glycosylation of the terminal galactose residue subsequent to cellular uptake. For elongation to take place, the thiolactosides were presumed to have diffused into the Golgi, the site of glycosylation. The chain length of the aglycone was significant to ensure not only the uptake but also the release of the products to the culture medium. HPTLC results confirmed that most of the products were found in the culture medium fraction.
Glycosylation was cellular specific. B16 cells gave GM3-type ganglioside, the predominantly expressed glycolipid in the cell surface. MDCK cells also gave mainly GM3-type glycolipid. On the other hand, African green monkey kidney (Vero) cells gave Gb3-and Gb4-type glycolipids aside from GM3-type ganglioside. The results also agree with a related work reported in the literature [18] . Based on these, we could infer that the thiolactosides entered the glycosphingolipid biosynthetic pathway and functioned as acceptors to afford products with saccharide structures similar to those produced by cells. By this strategy, various kinds of glycolipids could be conveniently prepared from various types of cells.
The α-linked thiolactoside inflicted stress on the cells. This is evidenced by the elevated production of melanin, the pigment that gives color to protect the skin from the sunlight. As a natural response to the stimuli, the skin produces the pigment to protect from damage. In the case of B16 cells, increased production of the pigment was the visible response that protected the cells from adverse effects in the presence of the α-linked thiolactoside. Interestingly, cells gave a different response in the presence of the β-linked thiolactosides as evidenced by the difference in color of the medium collected. The linkage between the saccharide and aglycone moieties has a significant effect on the pigment production by B16 cells.
According to the literature, S-glycosides are relatively stable and the lipid moiety is hardly affected by hydrolases (13) . Although the natural biosynthetic process in the production of glycolipids involves O-glycosides, it was surmised that employing the α-LacSC12 with a nondegradable thioglycosidic linkage to the aglycone would enhance the yield. However, the production of glycolipids using saccharide primers and cells showed otherwise. The amount of GM3-type glycolipid produced using dodecyl thiolactoside was essentially the same or slightly lower when compared with dodecyl lactoside having an O-glycosidic linkage.
Mass production of GM3-type oligosaccharide using β-Lac SC12 was also accomplished by using B16 cell cultured in HYPERflasks at a concentration of 20 μM of β-Lac SC12 for 3-5 days. After purification of the collected medium using SepPak C18 (reversed phase) and InertSep SAX (anion exchange) cartridges, 4.0 mg of GM3-type oligosaccharide (sialylated dodecyl thiolactoside) was obtained from 4.5 liters of culture medium (i.e., 0.9 mg/L of medium).
Conclusion
Various glycolipids could be obtained using thiolactosides and animal cells. Like the natural precursor with an Oglycoside linkage, the thiolactosides could also be taken up by cells and glycosylated to afford glycolipids having the same saccharide structures as the cells produce. It is envisioned that incorporation of the thiolactosides in a variety of cells International Journal of Carbohydrate Chemistry 7 could generate a library of biologically important glycolipids. Glycolipids obtained by cellular glycosylation of thiolactosides could be further employed for the synthesis of more complex oligosaccharides. This strategy will even shorten the rather tedious preparation of oligosaccharides. Moreover, the glycolipids generated from thiolactosides have potential application as therapeutics by virtue of the presence of the sulfur atom.
